ABSTRACT -Selenium (Se) is an essential micronutrient because it forms the active center of selenoenzymes/selenoproteins in the form of selenocysteine. Another biological significance of Se is that it detoxifies inorganic mercury (iHg) by directly interacting with it. Recently, a novel selenometabolite, selenoneine (2-selenyl-N,N,N-trimethyl-L-histidine), was identified in several marine animals. However, its biological significance is still unclear. In this study, the ability of selenoneine to form a complex with iHg and methyl Hg (MeHg) was evaluated in vitro. Whereas selenite serving as the positive control reacted with iHg by direct interaction after being converted into selenide by endogenous reductants, such as glutathione (GSH), selenoneine did not interact with iHg or MeHg in the liver homogenate of marine turtle. This indicates that selenoneine may not play a role in the detoxification of Hg.
INTRODUCTION
Selenium (Se) is an essential micronutrient in animals because it promotes the activities of various enzymes, such as glutathione peroxidases, iodothyronine 5'-deiodinase, and thioredoxin reductase, by virtue of its incorporation as selenocysteine (SeCys) into their active centers (Lu and Holmgren, 2009; Reeves and Hoffmann, 2009) . Proteins containing SeCys are called selenoproteins, whereas proteins containing selenomethionine (SeMet) are considered to be selenium-containing proteins due to the non-specific substitution in its sulfur analogue, methionine.
Although it is known that all Se species ingested via food and drinking water are first transformed into selenide and selenide is then utilized for the biosynthesis of SeCys for incorporation into selenoproteins, the bioavailability and metabolic pathways differ depending on the ingested chemical form. One inorganic Se, selenite, is simply reduced to selenide by endogenous reductants, such as glutathione (GSH) (Kobayashi et al., 2001) . Another inorganic Se, selenate, is not reduced to selenide by GSH in vitro, but is also utilized for selenoprotein biosynthesis in vivo (Shiobara et al., 1999) . On the other hand, organic selenocompounds ingested via food are mostly selenoamino acids, e.g., SeCys, Se-methylselenocysteine (MeSeCys), and SeMet, which are transformed into selenide via different pathways, as has been mentioned in several reviews (Gammelgaard et al., 2011; Ogra and Anan, 2009; Tsuji et al., 2009) . Hence, even though any Se species are ingested via food and drinking water, Se is utilized for selenoprotein biosynthesis and excreted as a common urinary metabolite, i.e., 1ß-methylseleno-N-acetyl-D-galactosamine, at physiological and low toxicity levels, and as trimethylselenonium (TMSe) when excess amounts of Se are ingested .
Another biological significance of Se is that it detoxifies inorganic mercury (iHg) by directly interacting with it. The administration of selenite at a lethal dose antagonized the lethal dose of iHg in experimental animals (Naganuma et al., 1984; Su et al., 2008; Yoneda and Suzuki, 1997) . Good positive correlation was noted between Se and Hg concentrations in the livers of marine mammals and seabirds, which highly accumulated Hg in their liv-ers (Kim et al., 1996; Storelli et al., 1998; Woshner et al., 2001 ). Hg and Se at an equimolar ratio formed a complex (mercury selenide, tiemannite) that was accumulated in the livers of marine animals. Although the mechanism for the complex formation is still unclear, the following is speculated (Ikemoto et al., 2004) . Methyl mercury (MeHg) in food is demethylated after ingestion and then, iHg is bound to proteins. Se is also bound to proteins in the form of selenide via the metabolic pathway mentioned above regardless of the Se species ingested. The proteins that bind iHg and Se are transported to lysosomes for degradation. Consequently, the Hg-Se complex may be formed upon the degradation of proteins in lysosomes.
Recently, a novel selenometabolite, selenoneine (2-selenyl-N,N,N-trimethyl-L-histidine), was identified in bluefin tuna and other fish species (Yamashita and Yamashita, 2010) . It is also reported that sea turtles accumulate Se in their livers in spite of the low hepatic Hg concentration, and the major portion of Se in the liver exists as selenoneine (Anan et al., 2011) . On the other hand, selenoneine in the liver of terrestrial turtle was below the detection limit (Anan et al., 2011) . These suggest that selenoneine is transferred among marine organisms via the food web to result in its ubiquitous distribution in the marine ecosystem. However, the origin and the biological significance of selenoneine are yet unclear. In addition, the role of selenoneine in the detoxification of Hg is also not evident.
In this study, the ability of selenoneine to form a complex with iHg and MeHg was evaluated in vitro. As the source of selenoneine, the liver of hawksbill turtle (E. imbricata) with low endogenous Hg was used. In addition, 82 Se-labeled selenite was used as the positive control for the formation of the Hg-Se complex. The utilization of an enriched Se stable isotope allowed us to directly and simultaneously compare the interaction of Se compounds with Hg in biological samples. Finally, the role of selenoneine in the detoxification of iHg and MeHg was discussed.
MATERIALS AND METHODS

Reagents
All reagents were of analytical grade or the highest grade available. Purified water (18.3 M ·cm) from Milli-Q SP (Millipore, Bedford, MA, USA) was used throughout. Trizma® Base and HCl were purchased from Sigma (St. Louis, MO, USA). Mercury chloride (HgCl 2 ), methylmercury chloride (CH 3 HgCl), and all other chemicals were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The metallic form of 82 Se (98.9% enriched) was purchased from Isoflex USA, San Francisco, USA. 82 Se-Selenite was prepared by dissolving the metallic form of 82 Se in concentrated nitric acid, followed by adjustment to neutral pH with 0.1 M NaOH as previously reported (Kobayashi et al., 2001) .
Sample preparation and in vitro assay
Liver specimen of hawksbill turtle (E. imbricata) was provided by fishermen in the Yaeyama Islands, Okinawa, Japan. This turtle was captured in November 2000, for the commercial and scientific purposes after receiving the official permission. Following collection, the liver specimen was immediately frozen in liquid nitrogen and stored at -80°C until analyses in the Environmental Specimen Bank for Global Monitoring (es-BANK), Center for Marine Environmental Studies (CMES), Ehime University, Japan (Tanabe, 2006) . The Se concentration in this sample was determined to be 43 μg Se/g tissue in our previous study (Anan et al., 2011) . The liver was homogenized in ten times volume of 50 mM Tris-HCl buffer (pH 7.4, 25°C) after bubbling the buffer with nitrogen gas to purge dissolved oxygen. A 1 ml aliquot of homogenate was incubated with HgCl 2 at the final concentration of 1.0 μg Hg/ml at 37°C for 60 min. Another 1 ml aliquot was pre-incubated with 82 Se-selenite at the final concentration of 1.0 μg Se/ml at 37°C for 10 min and then incubated with HgCl 2 at the final concentration of 1.0 or 2.5 μg Hg/ml, CH 3 HgCl at the final concentration of 2.5 μg Hg/ml, or buffer at 37°C for 60 min. The homogenates were centrifuged at 105,000 g for 60 min at 4°C to obtain the supernatant fraction. The procedure for the in vitro assay is shown in Fig. 1 .
HPLC-ICP-MS analysis
An ICP-MS instrument (Agilent7500ce, Agilent Technologies, Tokyo, Japan) was coupled to an HPLC system as the detector. The HPLC system consisted of an online degasser, an HPLC pump (Prominence; Shimadzu, Kyoto, Japan), a Rheodyne six-port injector with a sample loop, and a column. A 200 μl aliquot of the supernatant was applied to a multimode gel filtration column (Shodex Asahipak GS-520 HQ, 7.5 i.d. x 300 mm, with a guard column, 7.5 i.d. x 75 mm; Showa Denko, Tokyo), and the column was eluted with 50 mM Tris-HCl, pH 7.4, at the flow rate of 0.6 ml/min. The eluate was introduced directly into the nebulizer of the ICP-MS to detect Se at m/z 78 and 82, Hg at m/z 202, Zn at m/z 66, and Cd at m/z 111 in the D 2 reaction mode . The distribution of exogenous selenite was calculated from the counts of 78 Se and 82 Se as previously reported (Suzuki et al., 2006b) .
RESULTS AND DISCUSSION
Distribution of endogenous metals/metalloids and exogenous inorganic mercury in liver cytosol
As has been previously reported (Anan et al., 2011) , the major Se metabolite in the supernatant of hawksbill turtle was selenoneine, which corresponded to the peak that appeared at the retention time of 21.8 min (Fig. 2a) . By magnifying the Se elution profi le, a peak corresponding to methylated selenosugar (1ß-methylseleno-N-acetyl-D-galactosamine) was detected at the retention time of 20.7 min. In addition, several peaks of selenoproteins or selenium-containing proteins were detected at the retention times of 11-16 min, which corresponded to the high molecular weight protein fraction on the column. The Se peak at the retention time of 17.7 min coincided with the peak of endogenous Hg. The marine turtle accumulates less Hg in the liver than other marine mammals (Anan et al., 2001) . However, the results indicated that a trace amount of endogenous Se and Hg formed a complex and the complex was bound to high molecular weight molecule(s) in the liver of hawksbill turtle. No apparent changes in the selenoneine peak were observed by the addition of iHg (Fig. 2b) . This suggests that selenoneine is not able to react with iHg in the liver homogenate in vitro.
A trace amount of endogenous Hg was detected and found to bind to some high molecular weight molecules. Exogenous iHg was mainly distributed to the two peaks that appeared at the retention times of 13.9 and 15.5 min. Meanwhile, endogenous Zn was distributed to the same peaks as those of exogenous Hg, whereas endogenous Cd was bound to only the latter peak. Furthermore, the intensity of the endogenous Zn that corresponded to the latter peak was decreased by the addition of iHg. These results indicate that the latter peak corresponds to metal-binding protein, e.g. metallothionein (MT). MT can bind Hg, Zn, and Cd with different affi nities, i.e., the order of affi nity is Hg ≥ Cd > Zn (Eaton, 1985; Waalkes et al., 1984) . Thus, it was most likely that the amount of endogenous Zn bound to MT was decreased because endogenous Zn was replaced with exogenous iHg in MT in vitro. A portion of Zn that bound to other Zn binding protein(s) at the retention time of 13.9 min was partially substituted with exogenous iHg.
Interaction of inorganic and methylated Hg with [ 82 Se]-selenite in liver of hawksbill turtle
The utilization of 82 Se-labeled selenite (exogenous selenite) allowed us to directly compare the ability of selenite and selenoneine to interact with Hg in the liver of hawksbill turtle in vitro. The elution profi les of 78 Se and 82 Se showed the distributions of endogenous Se and endogenous plus exogenous Se, respectively. The elution profi le of exogenous Se was depicted by calculations made on the basis of the counts of 78 Se and 82 Se. Although authentic selenite was eluted at the retention time of 18.3 min, no Se peaks were detected at that retention time (Fig. 3 , middle panel), indicating that exogenous Se was converted into other chemical species in the liver homogenate. Exogenous Se was distributed to the protein fractions and the low molecular weight compound(s) whose peaks appear at the retention times of 11-15 min and 16.5 min, respectively (Fig. 3a, middle panel) . As reported previously, selenite is easily reduced to selenide by such endogenous reductants as GSH in the liver and then selenide is bound to proteins and GSH due to its reactivity with the sulfhydryl group (Suzuki et al., 2006a) . Thus, the Se peaks appearing at the retention times of 11-15 min and 16.5 min may be protein-bound and GSH-conjugated selenide, respectively. The peak at the retention time of 21.8 min corresponded to selenoneine. However, that peak seemed to be noise resulting from the calculation.
Exogenous Hg at the concentration of 1.0 μg/ml decreased the intensity of the Se peak corresponding to GSH-conjugated Se species, and Hg was co-eluted with exogenous Se at the retention times of 11-15 min on the chromatogram (Fig. 3b) . These suggest that exogenous Hg formed complex(es) with exogenous Se, i.e., selenide, and the complex(es) were distributed to the high molecular weight protein fraction. It was reported that the Se-Hg complex was specifi cally bound to selenoprotein P (Sel P) in the bloodstream of a whole animal (Suzuki et al., 1998) . Although Sel P is biosynthesized in the liver, it is promptly secreted into the bloodstream after post-translational modification in the Golgi apparatus (Burk and Hill, 2009 ). Thus, no specifi c binding proteins exist in the liver homogenate. The peak area of exogenous Se was decreased by the addition of iHg at the concentration of 2.5 μg/ml, compared with that by the addition at 1.0 μg/ml (Fig. 3c) . This means that the addition of an excess amount of iHg induces to insolubilize the Se-Hg complex. The excess amount of iHg that did not react with selenide was eluted at the retention time of 15.5 min (Fig. 3c , bottom panel). Clearly, free iHg was re-bound to MT.
Contrary to the reactivity of selenide with iHg, selenoneine was inert to the addition of iHg even at a high concentration. This suggests that selenoneine is not involved in the detoxifi cation of Hg.
When methyl mercury (MeHg) was added to the liver homogenate with exogenous selenite, Hg was mainly distributed to the protein fraction (Fig. 4, bottom panel) . There were no apparent changes in the Se distribution in the supernatant (Figs. 3a and 4) . Although the intensity of the peak corresponding to GSH-conjugated Se was obviously decreased with the addition of iHg, GSH-conjugated Se did not seem to interact with MeHg. Many studies have revealed that selenite is able to alleviate MeHg toxicity in vivo (Carvalho et al., 2011; Glaser et al., 2010; Heath et al., 2010) . MeHg exhibits toxicity by inhibiting selenoenzyme activity and protein syntheses, and generating reactive oxygen species (ROS). It is reported that selenite can boost the activities of selenoenzymes and scavenge ROS (Glaser et al., 2010) . Thus, selenite may indirectly mitigate the toxic effects of MeHg in vivo despite the fact that selenide originating from selenite does not directly interact with MeHg in vitro. Meanwhile, it is reported that MeHg ingested is partially degraded into iHg in vivo (Havarinasab et al., 2007) and thus, it may react with selenide as iHg. The peak corresponding to selenoneine was not affected by MeHg, suggesting that selenoneine did not interact with MeHg in vitro. Consequently, the biosynthesis of selenoneine is independent of the defense mechanism against Hg toxicity in marine fi sh and reptiles.
In conclusion, although selenite is one of the detoxification factors of iHg and acts by directly interacting with iHg after its conversion to selenide by endogenous reductants, such as GSH, selenoneine does not interact with iHg and MeHg at least in the liver of marine turtle. Thus, selenoneine may not act as the detoxifi cation factor of Hg. MT is another detoxifi cation factor because it actually sequesters iHg. It has reported that selenoneine shows the antioxidant activity in vitro (Yamashita and Yamashita, 2010) . Recently, methylated selenoneine was detected in human urine (Klein et al., 2011) . These suggest that the selenone moiety in selenoneine is physiologically and biologically active because it is masked with a methyl group as a metabolite. Further studies are needed to reveal the physiological and/or toxicological significance of selenoneine in marine animals. 
